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ABSTRACT Horseradish peroxidase (HRP) is an important heme enzyme with enormous medical diagnostic, biosensing, and
biotechnological applications. Thus, any improvement in the applicability and stability of the enzyme is potentially interesting. We
previously reported that covalent attachment of an electron relay (anthraquinone 2-carboxylic acid) to the surface-exposed Lys
residues successfully improves electron transfer properties of HRP. Here we investigated structural and functional consequences
of this modiﬁcation, which alters three accessible charged lysines (Lys-174, Lys-232, and Lys-241) to the hydrophobic anthra-
quinolysine residues. Thermal denaturation and thermoinactivation studies demonstrated that this kind of modiﬁcation enhances
the conformational and operational stability of HRP. Themelting temperature increased 3C and the catalytic efﬁciency enhanced
by 80%. Fluorescence and circular dichroism investigations suggest that the modiﬁed HRP beneﬁts from enhanced aromatic
packing and more buried hydrophobic patches as compared to the native one. Molecular dynamics simulations showed that
modiﬁcation improves the accessibility of His-42 and the heme prosthetic group to the peroxide and aromatic substrates,
respectively. Additionally, the hydrophobic patch, which functions as a binding site or trap for reducing aromatic substrates, ismore
extended in themodiﬁed enzyme. In summary, thismodiﬁcation produces a newderivative of HRPwith enhancedelectron transfer
properties, catalytic efﬁciency, and stability for biotechnological applications.
INTRODUCTION
Horseradish peroxidase (HRP) is a member of the plant
peroxidase superfamily originally extracted from horseradish
(Armoracia rusticana) roots which catalyzes the oxidation of a
broad range of substrates by hydrogen peroxide or by organic
peroxides (1). Like other plant peroxidases, the catalytic
process of HRP occurs through a multi-step reaction (1–3):
HRP ðresting stateÞ1H2O2/Compound I1H2O (1)
Compound I1AH2/Compound II1AH

(2)
Compound II1AH2/HRP ðresting stateÞ1AH: (3)
The resting ferric enzyme ﬁrst reacts with H2O2 to yield
the ﬁrst short-lived intermediate, called compound I, which
consists of an oxyferryl iron (Fe41¼O) and a porphyrin
p-cation radical. In the next steps, compound I is subsequently
reduced to the resting state of the enzyme by reactions with
two reducing substrate molecules (AH2).
HRP consists of more than 30 isozymes (4). The predom-
inant form is isoenzyme C (HRP C), a monomeric glyco-
protein with a molecular weight of ;44 kDa. The complete
amino acid sequence of HRP was ﬁrst determined by
Welinder (5), but the major advances in our understanding of
the structure and function of HRP were initiated by the
successful production of recombinant enzyme (6). The
enzyme has been characterized as a single polypeptide chain
consisting of 308 residues, with an N-terminal residue
blocked by pyroglutamate. It is heavily glycosylated (18%
by mass) and contains a single protoporphyrin IX as a pros-
thetic group, two calcium ions, four disulﬁde bonds, and
eight N-linked carbohydrate chains (5,7,8,9). Gajhede et al.
reported the crystal structure of glycan-free recombinant
HRP in 1997 (10). Since then, the three-dimensional (3D)
structure of catalytic intermediates and several substrate
complexes of HRP have also been reported and subjected to
molecular dynamics (MD) simulations (11–21). These re-
ports provide detailed descriptions of the structurally and
catalytically important residues in HRP. Simulation studies
suggest that the major access of H2O2 to the heme site is
through a speciﬁc pathway with a ﬂuctuating entry point,
located between Phe-68 and Phe-142 (11). High resolution
crystal structures of the oxidized intermediates of HRP
conﬁrm the importance of Arg-38 and His-42 for peroxide
catalysis (1,14,22,23). X-ray crystallography and simulation
studies indicate that the reducing substrate-binding site of
HRP is a hydrophobic pocket provided by residues His-42,
Phe-68, Gly-69, Ala-140, Pro-141, Phe-142, and Phe-179
and heme methyl C18, and substrate oxidation occurs at the
exposed heme edge, a region comprising the heme methyl
C18 and heme meso C20 protons (10,12,14,24).
HRP has achieved a prominent position in the pharma-
ceutical, chemical, and biotechnological industries (25).
Methods improving the stability and functionality of HRP
will clearly broaden the range of its present and future appli-
cations. In this regard, chemical modiﬁcation of solvent-
accessible reactive side chains has been frequently used to
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redesign the enzyme stability and activity. Among the
surface-located residues, Lys modiﬁcation has succeeded in
stabilizing a number of enzymes, including aminotransfer-
ase, a-amylase, trypsin, a-chymotrypsin, and HRP (26–29).
Accordingly, most of the stabilized chemical derivatives of
HRP reported to date have involved Lys modiﬁcations
(30–41). Modiﬁcation of HRP histidines with different pyro-
carbonates had either neutral or negative effects on stability
(42). Modiﬁcations targeted against the accessible side chains
of tyrosine, arginine, aspartic, and glutamic acid failed to sta-
bilize HRP (35). Chemical modiﬁcation of lysines, ranging
from the use of a cross-linker through attachment of poly-
ethylene glycol to simple acetylation, has succeeded in
stabilizing HRP to varying degrees (30–41).
Chemical modiﬁcation of amino acid side chains has also
been widely used to incorporate a variety of chemical groups,
such as nongenetically encoded optical and biophysical probes,
into proteins (43). In a recently published study,we successfully
used this strategy to improve electron transfer properties of
HRP. Covalent attachment of an electron relay (anthraquinone
2-carboxylic acid, AQ) to the surface-exposed Lys residues of
HRP enabled the enzyme to exchange electrons directly with a
conventional electrode (44). Here, we report experimental
evidence indicating that themodiﬁcation also enhances both the
stability and catalytic efﬁciency of the enzyme. To clarify
structural changes relating to stability enhancement, compara-
tive studies between the native and AQ-modiﬁed HRP (AQ-
HRP) were done using circular dichroism (CD) and ﬂuores-
cence techniques. We have also performedMD simulations on
native and AQ-HRP mainly to investigate structural and
dynamical changes leading to the observed improvement in
catalytic efﬁciency of the enzyme upon modiﬁcation.
MATERIALS AND METHODS
Chemicals
HRP (donor: hydrogen peroxide, oxidoreductase, EC 1.11.1.7), sodium
4-(2-hydroxyethyl)-1-piperazineethansulfonate (Na-HEPES), AQ 98%, hy-
drogen peroxide 30% (w/w) solution, 4-aminoantipyrine 98% (4-AAP), 1-
(3-dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride 98% (DEC),
ethylene-glycol bis(N-hydroxysuccinimidylsuccinate) (EGNHS), sodium
dodecyl sulfate (SDS), 8-anilino-1-naphthalenesulfonic acid ammonium salt
(ANS), and Nile Red (NR) were purchased from Sigma (St. Louis, MO).
2,4,6-Trinitrobenzene sulfonic acid (TNBSA) 1% (w/w) in N,N-dimethyl
formamide was obtained from Fluka Chemie (Steinheim, Germany). Super-
ﬁne Sephadex G-25 was supplied by Pharmacia LKB (Uppsala, Sweden).
Phenol, potassium dihydrogen phosphate, dipotassium hydrogen phosphate,
hydrogen chloride, and Coomassie brilliant blue G250 were purchased from
Merck (Darmstadt, Germany). All reagents were commercially available and
employed without further puriﬁcation. Solutions and buffers were prepared
using deionized double distilled water puriﬁed with an ultrapure water
system (Nanopor Inﬁnity, Barnstead, UK).
Preparation of the modiﬁed enzyme
Modiﬁcation of HRP with AQ and EGNHS was performed according to the
reported protocols (37,44). The enzyme concentration was determined using
the Bradford method (45).
Determination of the extent of AQ modiﬁcation
The average number of AQ-modiﬁed amino groups in HRP was determined
following the method described by Habeeb (46,47), where the protein is
unfolded in the procedure by HCl and SDS, and thus all amino groups are
solvent accessible in the test. Brieﬂy, the native and AQ-modiﬁed HRP were
serially dissolved in 0.5 ml of 0.1 M sodium bicarbonate buffer (pH 8.85) to
achieve concentrations of 0.1–0.8 mg/ml. To these solutions and buffer
blanks 0.25 ml of 0.01% TNBSA (w/v) was added and mixed well. The
reactionmixtureswere incubated at 37C for 2 h.At this point, 0.25ml of 10%
SDS solution (w/v) and 0.125ml of 1MHClwere added and their absorbance
was measured at 335 nm using 1-cm path length quartz cuvettes. Absorbance
values were plotted versus the protein concentration. The average number of
AQ molecules per HRP molecule (n) was calculated from the following
expression:
n ¼ 1 slope of AQ-HRP plot
slope of HRP plot
 
3 6: (4)
The multiplicative factor 6 is the number of free primary amines in HRP.
Enzyme assay
The activities of the native and modiﬁed enzymes were determined color-
imetrically, using phenol, 4-AAP, and H2O2 as the dye-generating com-
pounds (48). The reaction rate was determined by measuring the increases in
absorbance at 510 nm resulting from the formation of a colored compound,
N-antipyryl-p-benzoquinoneimine. One unit of activity results in the decom-
position of one micromole of hydrogen peroxide per minute at 25C and
pH7.0. Spectroscopicmeasurementswere carried out in potassiumphosphate
buffer (0.2 M, pH 7.0) at 25C using an ultraviolet (UV)-visible spectropho-
tometer (Cary 100 bio, Varian, Mulgrave, Victoria, Australia) equipped with
a temperature controller.
Characterization of transition states
The effect of temperature on the rate of enzymatic reaction was determined
over a temperature range of 10–85C in 0.2 M potassium phosphate buffer,
pH 7.0. At each temperature, the reaction mixture (total volume of 970 mL),
including all reagents necessary for a substrate-saturated assay except the
enzyme was ﬁrst incubated in spectrophotometer for 5 min to achieve
thermal equilibration. The enzyme solution (30 mL) was then added and the
initial activity of the enzyme (the rate constant, kcat) was immediately
determined for the ﬁrst 10 s. Such a short period was chosen to minimize the
denaturation of enzyme at high temperatures during activity measurements.
The Arrhenius plots constructed from experimentally determined kcat
values in the temperature range of 15–60C were used to calculate the
activation energies (Ea) as follows (49):
Ea ðJmol1Þ ¼ R3ðslope of theArrhenius plotÞ; (5)
where R is the universal gas constant (8.31434 J mol1 K1). The free
energy of activation (DG#) was determined by linear regression analysis of
the Eyring plot, ln(kcat /T) versus 1/T, as follows:
DG
# ðJmol1Þ ¼ R3ðslope of the Eyring plotÞ: (6)
The activation enthalpy (DH#) and entropy (DS#) at temperature T were
calculated using the equations
DH
# ðJmol1Þ ¼ Ea  RT (7)
DS ðJmol1 K1Þ ¼ DH
#  DG#
T
: (8)
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Irreversible thermoinactivation
The time course of irreversible thermoinactivation was studied by incubating
the enzyme (native or modiﬁed) at 1.0 mg/ml concentration in 0.2 M
potassium phosphate buffer, pH 7.0, at the desired temperature. At regular
intervals, samples were removed and cooled on ice, and the remaining
activity was determined as described above. Activity of the same enzyme
solution kept on ice was considered as the control.
Electrochemical measurements
Electrochemical measurements were performed according to the reported
procedure (44).
Circular dichroism measurements
CD measurements were performed on an Aviv Model 215 Circular
Dichroism Spectrometer (Lakewood, NJ) at 25C, using rectangular quartz
cells with a path length of 1.0 mm for far-UV and 10 mm for near-UV and
Soret spectra. The protein concentration in the samples was 10 mM for far-
UV and 20 mM for near-UV and Soret CD, in 0.2 M potassium phosphate
buffer, pH 7.0. Spectra were recorded with a wavelength step of 1 nm and an
averaging time of 1 s. Each spectrum was an average of ﬁve continuous
scans, corrected by subtracting the appropriate blank runs on HRP-free
solutions and subjected to a moderate degree of noise-reduction analysis.
Temperature dependences of ellipticity at 222 nm were recorded under
the same condition as far-UV-CD in the temperature range of 25–100C
with the constant heating rate of 1 K min1.
Fluorescence measurements
Intrinsic, ANS-, and NR-binding ﬂuorescence spectra of the proteins were
measured at 25C using a Varian Cary Eclipse ﬂuorescence spectrophotometer
with the excitation and emission slit widths of 5 nm. Fluorescence emission
from Trp was measured using excitation at 295 nm to avoid the contribution of
tyrosines. In intrinsic ﬂuorescence studies, the concentration of protein was
11.36 mM in 0.2 M potassium phosphate buffer, pH 7.0. For ANS-binding
ﬂuorescence, the excitationwavelengthwas350nm, and each sample contained
5.68 mM protein and 565 mM ANS in aqueous buffer. To study NR-binding
ﬂuorescence, the excitation wavelength was set to 530 nm and measurements
were taken using samples with ﬁnal concentrations of 23 mM protein and 2.0
mMNR.
Molecular dynamics simulations
All MD simulations were carried out using the GROMACS simulation
package (50–52), version 3.2 with GROMACS force ﬁeld, on an Intel Dual
Xeon PC workstation under Red Hat Linux 9.0. The starting atomic
coordinate of native HRP was obtained from Protein Data Bank (PDB) code
1ATJ (10). The GROMACS topology and parameter ﬁles of Aql (AQ-
modiﬁed Lys residue) were generated using PRODRG web server (53,54).
Then, the Lys side-chain residues 174, 232, and 241 of native HRP were
modiﬁed to Aql to generate the initial structure of AQ-HRP. Each protein,
native or modiﬁed HRP, was centered in a cubic box and then solvated with
water molecules. The dimensions of the simulation box were chosen large
enough to include at least 0.8 nm of solvent on each side of the protein
molecule. Counterions Cl and Na1 were added by replacing water mole-
cules at random positions to achieve a neutral simulation box. The solvated
and neutralized system was subjected to energy minimization until the max-
imum force was smaller than 500. In all simulations, the temperature and
pressure were kept close to 300 K and 1 bar, respectively, by the Berendsen
algorithm (55), with tT ¼ 0.1 ps and tP ¼ 0.5 ps. Bond lengths were
constrained using the LINCS algorithm (56). Lennard-Jones and short-range
electrostatic interactions were calculated with 1.0- and 1.4-nm cutoffs,
respectively, and a particle mesh Ewald algorithm was used for the long-
range electrostatic interactions (57). The neighbor list was updated every
10 steps. Each component of the system was coupled separately to a thermal
bath, and isotropic pressure coupling was used to keep the pressure at the
desired value. A time step of 2 fs was used for the integration of equation of
motion. To relax the solvent molecules, a 20-ps position-restrained MD
simulation was preformed to equilibrate the system. Then, a 100-ps equil-
ibration without position restraints was applied. Finally, the production MD
period of 5000 and 10,000 ps at constant pressure and temperature was
performed on native and AQ-HRP, respectively.
RESULTS
Experimental results
Chemical modiﬁcation of the enzyme
It has been reported that carbodiimide is an effective agent for
coupling primary amines and carboxylic acids to make
amides (58). Native HRP contains six Lys residues, plus a
buried N-terminal a-amino group, which is blocked by the
pyrrolidone carboxylic acid and unable to react with the
coupling reagents. Thus, native HRP contains six potential
primary amines to be coupled with the carboxylic acid group
of AQ molecules (5). After modiﬁcation, any reacting lysyl
residue is altered to Aql, an artiﬁcial amino acid in which the
e-nitrogen of the Lys side chain is in amide linkage to the
carbonyl group of AQ. Unlike the positively charged lysyl
residue, Aql has a neutral bulky hydrophobic side chain.
Hence, this modiﬁcation changes the hydrophobic proﬁle and
charge distribution at the protein surface. By targeting the free
e-amino groups of Lys residues, the carbohydrate portions of
HRP remain intact for further modiﬁcation or immobilization
of the enzyme.
Native andAQ-modiﬁedHRPwere treatedwith TNBSA to
determine their intact Lys contents. From the total of six lysyl
residues, the average number of modiﬁed ones was deter-
mined to be 3 6 0.5. Analysis of the side-chain accessibility
and e-amino surface area of lysines in HRP indicate that only
the side-chain e-nitrogens of Lys-174, Lys-232, and Lys-241
are well accessible and thus prone to react with modiﬁers. To
validate this prediction, O’Brien et al. used proteolytic frag-
mentation, peptide sequencing, and mass spectrometry to
identify the location of modiﬁed lysyl residues in chemically
stabilized HRP (37). All three methods showed that HRP
modiﬁcation with the bifunctional compound EGNHS leads
to complete modiﬁcation of Lys-232, partial modiﬁcation of
Lys-174 and Lys-241, and very little reaction of Lys-65, Lys-
84, and Lys-149.
To identify the sites of AQmodiﬁcation, we usedAQ as the
reporter group and EGNHS to block the above speciﬁed Lys
residues (37). HRP has only one Trp residue (Trp-117) lo-
cated between two a-helixes at the side opposite the entrance
to the heme-binding pocket. When excited at 295 nm, native
HRP shows a typical Trp ﬂuorescence emission spectrum,
with a peak at 335 nm (Fig. 1 A). After modiﬁcation, the
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emission spectrum undergoes a drastic decrease in intensity
and a blue shift to 330 nm. The observed blue shift (5 nm) in
Trp ﬂuorescence reﬂects reduced accessibility of Trp to the
bulk solvent. As seen in Fig. 1 A (inset), AQ exhibits a sig-
niﬁcant absorption band centered at 330 nm, which closely
overlaps the emission band of Trp-117. Therefore, in AQ-
HRP, Trp emission is strongly quenched through the energy
transfer to the attached AQ molecules. Moreover, AQ has a
characteristic cyclic voltammogram, which makes it a useful
labeling agent (44,59). Thus, any attachedAQmolecule could
be detected by both the ﬂuorescence and cyclic voltammetry.
Native HRP was ﬁrst modiﬁed with EGNHS to block the
Lys residues 174, 232, and 241 (37). The average number of
EGNHS-modiﬁed Lys residues per HRP molecule was
determined by the TNBSA method to be 3.2 6 0.3. The
EGNHS-modiﬁed enzyme was then treated with AQ and
DEC tomodify any remaining free amino groups of accessible
Lys residues. As seen in Fig. 1 A, whereas the Trp emission in
AQ-HRP was drastically quenched, the enzyme which had
undergone both modiﬁcations (EQ-HRP) showed an emis-
sion proﬁle similar to that of native and EGNHS-modiﬁed
HRP. In agreement, AQ-HRP exhibited the characteristic
cyclic voltammogram of free AQmoleculeswith a reasonable
shift, but no redox peakwas detectable for EQ-HRP (Fig. 1B).
These observations indicate that no signiﬁcant AQ attachment
has occurred after the ﬁrst modiﬁcation; therefore, AQ
molecules react mainly with the same residues as EGNHS.
Structural stability
In an attempt to evaluate how the modiﬁcation affects the
enzyme stability, we carried out a comparative thermal dena-
turation study by monitoring the loss of enzyme secondary
structure at increasing temperatures. Thermal denaturation of
HRP has been found to be irreversible and strongly scan rate
dependent, indicating clearly that the denaturation process of
this enzyme is kinetically controlled (60). Thus, it is difﬁcult
to obtain any thermodynamic information about the dena-
turation process because the kinetic effect interferes with them.
Nevertheless, in such cases the apparent melting temperature
(Tm) at a constant scan rate can be used for evaluation of
enzyme stability as a function of experimental conditions.
Thermal denaturation of native andAQ-modiﬁed HRPwas
investigated by following themolar ellipticity [u] at 222 nmas
a function of temperature (Fig. 2). In both cases, denaturation
of the enzyme was accompanied by an increase in molar
ellipticity, and temperature-dependence pattern ofmolar ellip-
ticity indicated a two-state melting of the secondary structure
with a single cooperative transition between the native and
denatured forms of the enzyme. Tm values were calculated
from the ﬁrst order derivative of ellipticity-temperature plots
to be 72C for native and 75C for modiﬁed HRP. Thus, the
Tm of modiﬁed HRP is 3C higher than that of the native one,
suggesting an improvement in conformational stability of the
protein upon modiﬁcation.
Operational stability
Operational stability of the native and modiﬁed forms of
HRP was examined at 50C and 70C, pH 7.0. As shown in
Fig. 3, upon incubation at 50C, no signiﬁcant difference be-
tween the native and modiﬁed HRP was observed, but
modiﬁcation resulted in a considerable enhancement in oper-
ational stability of the enzyme at 70C. After 10-min incu-
bation at 70C, whereas the native HRP lost up to 96.4%
of its initial activity, the lost activity of the modiﬁed HRP
was, 40%. To further investigate the structural changes con-
tributing to stability enhancement, we performed compara-
tive studies between the native and modiﬁed HRP using CD
and ﬂuorescence techniques.
Circular dichroism studies
The effect of AQ modiﬁcation on the secondary and tertiary
structure of HRP was investigated by near- and far-UV-CD.
In the far-UV, the peptide bond is the principal absorbing
group and studies in this region can give information on the
secondary structure (61). Fig. 4 A shows the far-UV-CD
spectra of native and AQ-modiﬁed HRP. For both proteins,
the spectrum was characterized by a negative band with
double minima at 208 and 222 nm, indicative of proteins
with high contents of a-helical structure. Upon modiﬁcation,
the overall shape of the spectrum did not change signif-
icantly, but the intensity of the negative band increased. A
FIGURE 1 (A) Trp emission ﬂuorescence spectra
of native (a), AQ-HRP (b), EGNHS-HRP (c), and
EQ-HRP (d) in a 0.2 M potassium phosphate buffer
(pH 7.0) at 25C. In all cases the enzyme concen-
tration was 12 mM and the excitation wavelength was
295 nm. (Inset) Absorption spectrum of AQ in the
same experimental conditions. (B) Cyclic voltammo-
grams of AQ-HRP (a) and EQ-HRP (b) solutions in a
0.2 M potassium phosphate buffer (pH 7.0).
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plausible interpretation for this observation is that the
modiﬁed enzyme may beneﬁt from higher a-helical content.
However, this conclusion seems doubtful once we consider
that the modiﬁed enzyme also contains three more amide
bonds in its covalent structure, which could contribute to any
far-UV absorption. So, at this stage, we are unable to make a
clear judgment about the origin of the observed change in the
far-UV-CD spectra.
CD spectra of native and modiﬁed HRP in near-UV (260–
360 nm) and Soret (360–460 nm) regions are shown in Fig. 4
B. In the near-UV region, CD spectra of proteins reﬂect
mainly the contribution of aromatic amino acids and disul-
ﬁde bonds to protein tertiary structure and are very sensitive
to structural perturbations (61). The near-UV-CD spectrum
of HRP was characterized by a strong negative band centered
at 284 nm, which is attributable to the presence of Trp and
Tyr in asymmetric environments. In the case of modiﬁed
HRP, this bond was more intense as compared with that of
the native one, indicating enhanced aromatic packing after
modiﬁcation.
CD at the Soret region was monitored to ﬁnd out the effect
of modiﬁcation on the heme active site. Changes in the Soret
CD are related to the interaction of the heme prosthetic group
with the surrounding aromatic residues and to modiﬁcations
in the spatial orientation of these amino acids with respect to
heme (62). These modiﬁcations affect porphyrin transitions
and pp* transitions in the surrounding aromatic residues.
However, the protein-induced heme distortions from planar-
ity and the contributions of polarizable groups (near the
heme) have been postulated to participate to the ellipticity in
the Soret region (63). Soret CD spectra of HRP exhibited a
strong positive band at 407 nm. Again, comparison of the
spectra showed higher intensity for AQ-HRP, indicating
higher integrity of the heme pocket.
Fluorescence studies
The solvent exposure of hydrophobic patches in HRP was
explored through ANS binding. ANS is a ﬂuorescent
hydrophobic probe that has been widely used to measure pro-
tein surfacehydrophobicity. Fig. 5Adepicts theANS-binding
proﬁles of the native and modiﬁed HRP. The ﬂuorescence
emission of ANS associated with modiﬁed HRP showed a
reduced intensity and a red shift from 490 nm to 505 nm, as
compared with that of the native one. Both changes reﬂect a
FIGURE 2 Temperature dependences of molar ellipticity at 222 nm for
native (a) and AQ-modiﬁed HRP (b) in a 0.2 M potassium phosphate buffer
(pH 7.0) obtained on heating with a constant scan rate of 1 K min 1.
FIGURE 3 Irreversible thermoinactivation of native (squares) and mod-
iﬁed (circles) forms of HRP determined at 50C (solid symbols) and 70C
(open symbols), pH 7.0. Standard deviations were within 4% of the experi-
mental values.
FIGURE 4 (A) Far-UV-CD spectra of 10 mM HRP.
(B) Near-UV and Soret CD spectra of 20 mMHRP. a and
b refer to the native and AQ-modiﬁed HRP, respectively.
In these measurements, the enzyme was dissolved in a
0.2 M potassium phosphate buffer (pH 7.0) and the
temperature was set to 25C.
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modiﬁcation-induced conformational change leading to a
decrease in the number of binding sites for ANS molecules.
However, becauseANS is an anion bearing a sulfonate (SO3 )
group, it also can bind to the positively charged groups on the
protein surface through ion pair formation. Recent studies have
shown that ANS binding to proteins depends primarily on
protein cationic charge and occurs largely through the ANS
sulfonate group, but after binding,ANS ﬂuorescence depends
on a tangle of properties, including the polarity of its
microenvironment. In fact, the range of ANS binding over
which ANS produces its brilliant ﬂuorescence generally is far
narrower than the overall range of ANS binding set by
electrostatic forces; for example, it has been reported that only5
out of ;100 ANS anions bound to bovine serum albumin
exhibit strong ﬂuorescence production (64). In the case of AQ-
HRP, the positive charges of modiﬁed Lys residues are lost
after modiﬁcation and thus decreasing the number of surface
charges lessens the number of prone electrostatic sites for
ANS binding.Consequently, neutralizationof positive charges
on Lys residues upon modiﬁcation may contribute to the
observed reduction in ANS ﬂuorescence intensity. Another
concern with using ANS is that the absorption spectrum of
ANS overlaps with that of AQ and heme. Thereby, AQ and
heme molecules compete with ANSmolecules in absorbing
light. This effect also tends to reduce the quantum yield of
ANS ﬂuorescence.
To clarify these obscurities, we used NR as a polarity-
sensitive ﬂuorescent probe (65). This dye is an uncharged
hydrophobic molecule whose high excitation wavelength
solves the problems of absorption interference with Trp, AQ,
and heme. Fig. 5 B illustrates the interaction of NR with
native and modiﬁed HRP. In agreement with ANS-binding
studies, ﬂuorescence of NR bound to AQ-HRP showed
reduced emission intensity and an 8-nm red shift to 644 nm,
indicating increased hydrophobic surface burial. Neverthe-
less, the extent of the observed decrease in ﬂuorescence
emission for NR binding was less than that of ANS
binding, emphasizing the role of positive charge neutraliza-
tion in overestimating the reduced surface hydrophobicity.
Taken together, the conclusion is reached that by using
ANS/NR as a probe the overall accessible size of hydro-
phobic patches in AQ-HRP has been reduced.
Catalytic efﬁciency
As depicted in Table 1, AQ modiﬁcation of HRP results in
some measurable beneﬁcial changes in the kinetic parameters
of the enzyme. Uponmodiﬁcation, an increase of;33% in the
maximum velocity (Vmax) and turnover number (kcat) of the
enzyme was observed. Also the Km value decreased 26.3%,
reﬂecting higher afﬁnity of the AQ-HRP for its substrate. This
may also be attributed to the enhancement of substrate-enzyme
complex stability (66). Among the kinetic parameters, the 80%
increase in catalytic efﬁciency (kcat/Km) of modiﬁed HRP, as
compared with the native enzyme, is especially noticeable (see
Table 1).
Temperature dependence of the enzymatic
reaction kinetics
Like nonenzymatic reactions, enzyme activity increases by
raising the temperature. Any change in the reactant species,
including the enzyme, could alter the reaction rate. To explore
the effect of AQ modiﬁcation on temperature dependence of
FIGURE 5 (A) Fluorescence emission spectra of ANS
in the presence of native (a) and AQ-modiﬁed HRP (b) at
25C. The excitation wavelength was 350 nm, and each
sample contained 5.68 mM protein and 565 mM ANS in
0.2 M potassium phosphate buffer (pH 7.0). (B) Fluo-
rescence emission spectra of NR alone in aqueous buffer
(a), NR in the presence of 23 mM native (b), and AQ-
modiﬁed HRP (c). The excitation wavelength was set to
530 nm and measurements were taken using samples
with ﬁnal concentration of 2.0 mM NR. All spectra were
obtained at 25C in 0.2 M potassium phosphate buffer
(pH 7.0).
TABLE 1 Kinetic and activation parameters for the enzymatic reaction of native and AQ-modiﬁed HRP
Km (mM) Vmax (U/mg) kcat ðs1Þ kcat=Km ðs1mM1Þ Ea (kJ/mol) DH# (kJ/mol) DG# (kJ/mol) DS# (J/mol K)
Native HRP 0.396 6 0.040 455 6 15 334 6 11 843 40.7 6 1.2 38.2 6 1.2 38.1 6 1.9 0.38
Modiﬁed HRP 0.292 6 0.030 604 6 19 443 6 15 1517 36.3 6 1.5 33.8 6 1.5 33.7 6 1.7 0.23
Thermodynamic activation parameters for the native and AQ-modiﬁed HRP at 25C deduced from Arrhenius plots over the temperature range of 15–60C.
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reaction rate, initial enzyme activity was determined over the
range of 10–85C. The overall temperature activity pattern of
native and modiﬁed HRP was similar, and in both cases the
reaction rate increases up to 70C but vanishes at higher
temperatures (data not shown). This maximum is not the
optimum temperature for enzyme activity because after a few
minutes incubation at any temperature above 50C, the
reaction rate diminishes due to destabilization of the enzyme
structure.
Arrhenius plots for the maximum activity of native and
modiﬁedHRPwere prepared in the temperature ranges of 15–
60C. Both plots were linear over this temperature range and
give activation values summarized in Table 1. The linearity of
theArrhenius plots indicates that there is no change in the rate-
determining steps of catalytic reactions over this temperature
range. Analysis of the thermodynamic activation parameters
at 25C (Table 1) showed that upon chemical modiﬁcation,
the activation-free energy (DG#) of the enzyme has decreased
by 4.4 kJ mol1. The lower Gibbs-free energy of activation,
DG#, of AQ-HRP can be depicted as a lower energy barrier
that has to be mastered by the ground-state enzyme-substrate
complex ES to reach the activated state ES# to react, therefore
corresponding to higher activity. This is also in accordance
with the 80% increase in kcat/Km of modiﬁed HRP relative to
the native one. Furthermore, Table 1 shows that the main
reason for the increased catalytic activity of modiﬁed HRP is
the lower enthalpic contribution, DH#, to the free energy of
activation and the change of DS# upon modiﬁcation is
negligible. Lower DH# value may translate a reduced number
of enthalpy-driven interactions that are broken in the ES com-
plex before reaching the activated state, ES#.
SIMULATION RESULTS
General structural properties
Using the known x-ray crystallographic structure of the
resting form of HRP C, two 3D models of HRP C were
constructed differing in the residues 174, 232, and 241
(Fig. 6). Conserving the original amino acid pattern of the x-ray
structure, the control model (n-HRP) was constructed with
these residues to be lysines in their cationic forms. In the
secondmodel (AQ-HRP) the residues 174, 232, and 241were
replaced by Aql. The backbone root mean-square deviation
(RMSD) of n-HRP and AQ-HRP structures relative to their
own starting structures were 1.65 6 0.3 and 1.36 6 0.2 A˚,
respectively. These low RMSD values indicate that the MD
runs were stable and the protein atoms did not signiﬁcantly
deviate from the starting structures during the MD simula-
tions. The backbone RMSD also reﬂects the dynamics of the
proteinmatrix. Average RMSD ofAQ-HRP is lower than that
of the native one and indicates a decreased ﬂexibility of the
protein backbone as a result of AQ modiﬁcation. This
conclusion is in line with the experimental results obtained by
CD. The stability of the ﬂuctuation of the total energywas also
examined by calculating the ratio between the variance of
total energy and the average energy. For all models, this ratio
did not exceed 0.0008, thus showing that energy was
conserved during the simulations and that the models were
well equilibrated.
To provide a more detailed description of the mobility of
the protein residues, the backbone RMSD per residue for
native and modiﬁed HRP averaged in the course of sim-
ulation, along with per residue B-factor of the original
crystallographic structure of HRP C (PDB code 1ATJ) are
shown in Fig. 7. The gray bands indicate the helix and strand
regions of HRP according to the crystallographic structure.
Thirteen a-helices dominate the structure: 14–28 (A), 32–44
(B), 77–90 (C), 97–111 (D), 131–137 (D9), 145–153 (E),
160–171 (F), 181–185 (F9), 199–208 (F99), 232–238 (G),
245–252 (H), 260–267 (I), and 270–284 (J). Two short
antiparallel b-strands, 174–176 (b1) and 218–220 (b2),
ﬂank the large plant peroxidase insert between helices F and
G. It is clear from this representation that residues located in
structurally important regions mainly experience sensible
reduction in their mobility upon modiﬁcation. In particular,
FIGURE 6 3D representation of the MD
average structure of n-HRP (left) and AQ-
HRP (right). The molecular surfaces are
rendered in transparent light gray to make
the ribbon models visible. Accessible Lys
residues in n-HRP that are prone to mod-
iﬁcation and their counterpart Aql residues
in AQ-HRP are shown in dark gray.
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the helices A, C, D9, F9, G, H, and J, as well as the C-terminal
residues show reduced mobility after modiﬁcation. The con-
necting loops BC, CD, DD9, D9E, F9F99, GH, HI, IJ, and the
modiﬁed Lys residues 232 and 241 also demonstrate similar
behavior. On the other hand, some parts of the protein struc-
ture including the helix B, the strand b1, and the connecting
loops EF, Fb1, and F99b2 became more ﬂexible upon
modiﬁcation. From all these graphics, again it is evident that
AQ modiﬁcation makes the overall backbone structure of the
enzyme less ﬂexible.
To evaluate the effect of conversion of three positively
charged lysine residues to a hydrophobic one (Aql) on overall
accessible hydrophobic area, the water accessibility of hydro-
phobic surface area in n-HRP and AQ-HRPwas measured and
averaged over the course of simulation. Interestingly, the
overall water accessible hydrophobic area of modiﬁed HRP
(76.4 nm2) was more or less similar to the native one (75.9
nm2). This indicates that in response to the introduction of three
bulky hydrophobic residues, the protein readjusts itself to com-
pensate the imposed surface hydrophobicity. This is achieved
by the additional burial of some hydrophobic residues
including Leu-208, Val-235, Leu-223, Leu-111, Cys-11, Ile-
287, Ala-217, Phe-142, Pro-210, Cys-91, Leu-127, Leu-218,
Ile-32, Ile-17, Leu-237, Trp-117, Phe-61, Leu-299, Ala-267,
Phe-221, Gly-207, Ile-103, Phe-45, Met-281, Met-284, Met-
181, Ala-276, Ala-129, Val-219, Leu-205, Ala-105, Gly-122,
Pro-146, Leu-290, Leu-39, Gly-242, and Leu-37.
Peroxide-binding site
HRP catalyzes the oxidation of a broad range of organic
(aromatic) and inorganic substrates by hydrogen peroxide or
by organic peroxides. The main overall reaction catalyzed by
HRP can be summarized as H2O21 2 AH/ 2 H2O1 2A*,
where AH represents a reducing substrate and A* is a free
radical product. The sequence of the reactions of HRP with
aromatic substrates is characterized as a ping pong mecha-
nism. The native peroxidase ﬁrst reacts with hydrogen
peroxide to form the oxidized enzyme intermediate com-
pound I, which then can oxidize the reducing substrate (67).
To react with the heme prosthetic group, H2O2 has to diffuse
from the protein surface toward the heme pocket. It is pro-
posed that hydrogen peroxide penetrates the protein matrix at
a ﬂuctuating entry point located between Phe-68 and Phe-142
and passes through a bottle-like channel to reach the heme
iron (Fig. 8). Amino acid residues Phe-68 and Phe-142 are
ﬂanking the entry pore of the bottleneck, and their confor-
mational ﬂuctuations determine the accessibility of hydrogen
peroxide to the interior (11). In comparing the two simulated
models, the average distance between the backbones of Phe-
68 and Phe-142 increases from 10.1 6 1.6 A˚ in n-HRP to
FIGURE 7 (Top panel) BackboneRMSDper residue for n-HRP (bold black
line) andAQ-HRP (gray line). (Bottompanel) BackboneB-factor per residue of
the original crystallographic structure (PDB code 1ATJ). The gray bands
indicate the helix regions of HRP according to the crystallographic structure.
FIGURE 8 Structural features of the heme crevice in 1ATJ as the initial template (left) and in n-HRP (middle) and AQ-HRP (right) according to their MD
average structures. Phe residues, 68, 142, and 179 guard the entrance to the exposed heme edge and control substrate access to the active site in HRP. Especially
compare the distance between Phe-68 and Phe-142 in MD structures.
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14.26 0.8 A˚ in AQ-HRP (Fig. 8). Accordingly, the average
distance between their side chains rises from 7.56 1 A˚ to 12.8
6 2 A˚. These values indicate that the bottleneck entry is di-
lated as a result of AQ modiﬁcation. Although such a struc-
tural change could facilitate diffusion of H2O2 molecules
from the bulk solution to the active site inside the protein, the
effect is expected to be less perceptible for small peroxides
and remarkable for bulky ones.
In the proposedmechanism for the reaction ofH2O2with the
active site of HRP two essential features are acid-base catalysis
by the distal histidine (His-42) and charge stabilization of a
precursor enzyme-substrate complex by the conserved distal
arginine (Arg-38) (68). The histidine is thought to facilitate
formation of the initial iron-peroxide complex by deprotonat-
ing the peroxide and subsequently promoting cleavage of the
oxygen-oxygen bond by protonating the distal oxygen. Exam-
ination of the twomodels shows that the surface accessibility of
this histidine in AQ-HRP (14.4 A˚2) is signiﬁcantly higher than
n-HRP (4.0 A˚2). This change could lead to enhanced reactivity
of the modiﬁed enzyme to peroxide substrate.
Summing up the above simulation results the conclusion is
reached that such conformational changes at the peroxide-
binding site of HRP may contribute in reducing the Km value
of the enzyme upon modiﬁcation (Table 1).
Aromatic substrate-binding sites
Substrate oxidation by HRP C occurs at the ‘exposed’ heme
edge, a region comprising the heme methyl C18 and heme
mesoC20protons (4).Spectroscopic and crystallographic stud-
ies have revealed a detailed picture of the site where aromatic
substrates bind and react with the protein. A ring of three
peripheral Phe residues, 68, 142, and 179, guard the entrance
to the exposed heme edge (Fig. 8) (10). Amino acid residues
Phe-68, Gly-69, Pro139, Ala-140, Pro-141, Phe-142, and
Phe-179 are ﬂanking the substrate access channel and
together with the heme C20- and heme C18-methyl groups
form the aromatic-binding pocket of HRP (2,10,12,14).
Although in some cases hydrogen bonding between the
reducing substrate and the active site residues of the distal
heme pocket contribute to the stability of the substrate-HRP
complex, most HRP substrates do not possess the potential to
make such interactions and will therefore depend more on the
hydrophobic interactions which characterize the peripheral
region of the substrate channel of HRP (12).
As the values in Table 2 show, hydrophobic residues form-
ing the substrate-binding pocket in HRP are generally more
exposed in AQ-HRP, indicating that the hydrophobic patch
functioning as a binding site or trap for reducing aromatic
substrates is extended in the modiﬁed enzyme with respect to
the native one. Consequently, the afﬁnity of the aromatic sub-
strates for the enzyme-active site is expected to increase after
modiﬁcation. Such structural changes may also contribute to
the observed increases in the turnover number (kcat) and cat-
alytic efﬁciency of the enzyme upon modiﬁcation.
DISCUSSION
In this study, thermal denaturation and thermoinactivation
investigations demonstrated that AQ modiﬁcation enhances
the conformational and operational stability of HRP. As
pointed out in the introduction, several reports exist describing
some improvement in thermostability of HRP after modiﬁca-
tion of its lysyl e-amino groups using other modiﬁers (30–41).
Ugarova et al. studied thermostability of HRP after modiﬁca-
tion of its lysyl amino groups with a variety of modiﬁers in-
cluding anhydrides of monocarboxylic and dicarboxylic acids
as well as picryl sulfonic acid (30), some of these compounds
reversed the positive charge on the Lys, whereas others neu-
tralized it. These studies showed that it is the degree of mod-
iﬁcation, rather than the nature of themodiﬁer, which produces
the major effect on the macromolecular conformation and the
thermostability of the enzyme after modiﬁcation. Using picryl
sulfonic acid under relatively harsh conditions (40C, pH 8.0),
they modiﬁed all six HRP lysines. Activity was fully retained
but stability at 56C decreased by 30%. At 0C, the identical
procedure modiﬁed only three lysines but gave a threefold
stabilization at 56C. This suggests that HRP stability beneﬁts
from modiﬁcation of three lysines, but the stabilizing effect is
overcome as the modiﬁcation proceeds to completion. Con-
ﬁrming this conclusion, most of the stabilized chemical
derivatives of HRP reported to date have involved modiﬁca-
tions of three lysines (30–41).
Ugarova et al. also observed that chemical modiﬁcation of
three amino groups decreases the intensity of the Soret band in
CD spectra of HRP (30). Accordingly, they inferred that
thermostability of the modiﬁed enzyme increases due to the
decreased conformational mobility of the protein backbone
around the heme. Similar changes in CD spectra of HRP after
modiﬁcation with maleic anhydride and citraconic anhydride
has also been reported (41). Our Soret CD results provide
additional support for this inference, but interestingly the
near- and far-UV-CD as well as simulation studies indicate
that this phenomenon is not limited to the heme pocket and the
overall protein structure experiences a similar reduction in
ﬂexibility upon modiﬁcation with AQ.
TABLE 2 Accessible surface area (A˚2) of functionally
important residues and groups
n-HRP AQ-HRP
Average SD Average SD Change
Heme 39.6 10.4 99.7 5.5 60.1
His-42 4.0 3.4 14.4 5.6 10.4
Phe-68 97.2 31.4 164.2 7.8 67.0
Gly-69 22.6 8.1 32.4 0.5 9.8
Trp-117 55.0 12.8 46.8 6.0 8.2
Pro-139 7.3 6.4 21.7 7.1 14.4
Ala-140 6.3 5.5 33.8 8.7 27.5
Pro-141 9.1 5.7 21.3 6.7 12.2
Phe-142 105.9 14.1 91.6 2.1 14.3
Phe-179 50.5 8.1 71.9 17.8 21.4
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However, some authors have proposed another mecha-
nism for the observed increase in conformational stability of
HRP upon Lys modiﬁcation (37,38,40). Based on their as-
sumption, the Lys residues 174, 232, and 241 are the most
probable sites for modiﬁcation and the existing electrostatic
repulsion between their positive charges in native HRP
reduces the conformational stability of the enzyme. Thus,
they believe that neutralization of these like charges upon
modiﬁcation lessens the tendency of the enzyme to unfold
and so stabilizes HRP structure.
For several reasons, we believe that it is difﬁcult to explain
the observed stabilization solely based on charge neutraliza-
tion. First, theLys residues174, 232, and241 are exposed to the
solvent, therefore, water molecules and dissolved ions shield
the electrostatic interactions between their charged atoms re-
ducing both their strength and distance over which they oper-
ate. Second, these lysines are located relatively far away from
each other in the 3Dstructure of the enzyme (distances between
the nitrogen centers of Lys-232–Lys-241, Lys-174–Lys-232,
and Lys-174–Lys-241 in native HRP are 13.8, 19.4, and 18.38
A˚, respectively), so their electrostatic ﬁelds cannot interact
efﬁciently. Third, according to the HRP crystal structure (PDB
code: 1ATJ), the neighboring charged amino acids whose
charge centers are located within a radius of;10 A˚ away from
the e-amino groups of Lys-174, Lys-232, andLys-241 areAsp-
29, Arg-31, Arg-75, Asp-220, Asp-222, Arg-224, Asp-230,
Glu-238, andGlu-239. As seen, the negatively charged residues
are predominant, signifying that themodiﬁed Lys residues are
mainly engaged in attractive rather than repulsive electrostatic
interactions. This suggests that any modiﬁcation which neu-
tralizes or reverses the charges of these lysines would be
electrostatically unfavorable for protein stability.
In the case of our study, at ﬁrst glance, modiﬁcation in-
creases the number of surface hydrophobic residues, whereas
it reduces the number of surface-charged residues. So, one can
expect the enzyme surface to be more hydrophobic after
modiﬁcation, but the experimental and simulation results
disagree with this speculation. Extrinsic ﬂuorescence studies
using polarity-sensitive probes suggest a decrease in the total
number of ANS/NR-binding sites upon modiﬁcation. On the
other hand, simulation results indicate that the overall size of
the water-accessible hydrophobic area in native and modiﬁed
HRP is more or less similar. Such differences between ANS/
NR results and area estimation by MD simulation are ex-
pectable while considering that they apply different probes
which signiﬁcantly differ in size and molecular properties (in
simulation, water is considered to be a small rigid sphere,
whereas ANS and NR are bulky aromatic molecules). In this
regard, a plausible explanation for the experimentally
observed reduction in ANS/NR binding is the redistribution
of the solvent-exposed hydrophobic area in AQ-HRP. As we
pointed out previously, modiﬁcation imposes new hydropho-
bic areas onto the protein surface through the Aql residues.
Moreover, MD simulation indicates that hydrophobic resi-
dues forming the substrate-binding pocket in HRP are gen-
erally more exposed in AQ-HRP. In contrast, several other
hydrophobic residues experience additional burial upon
modiﬁcation. Such redistribution of hydrophobic patches at
the protein surface could affect the binding patterns of ANS
and NR. However, avoiding complications, the above men-
tioned redistributions are generally consistent with the fact
that extending the solvent-exposed hydrophobic area en-
hances the tendency of the protein structure to reduce the
entropically unfavorable contact between the nonpolar por-
tions of the protein surface and water. It means that although
an increase in the surface area of hydrophobic clusters is an
immediate consequence of the modiﬁcation, the protein
readjusts its structure to adapt to the new situation. So, some
of the exposed hydrophobic clusters migrate from the surface
to the protein interior. This rearrangement could also enhance
the enthalpically favorable van der Waals packing interac-
tions within the protein core (as conﬁrmed by near-UV and
Soret CD). This example clearly shows how manipulation of
charge-hydrophobicity balance at the protein surface could
induce remarkable changes within the protein interior.
Attachment of AQ relays also improves the catalytic
properties of HRP. Although the changes are not large, they
are signiﬁcant. After modiﬁcation, both the activity (Vmax or
kcat) and enzyme-substrate afﬁnity, 1/Km, have increased.
Except for phthalic anhydride modiﬁcation, to our knowl-
edge, there is no report of any enhancement in HRP activity
after Lys modiﬁcation. It has been reported that phthalic
anhydride modiﬁcation of HRP marginally improves the
catalytic activity but does not affect theKm value (38). Again,
no explanation has been presented for this observation. MD
simulations on native and AQ-HRP showed substantial dif-
ferences between the two structures particularly in the perox-
ide and aromatic substrate-binding sites. Comparing the
peroxide-binding sites, dilated penetration channel, and more
accessible binding site in AQ-HRP reﬂects higher reactivity
of the enzyme to the peroxide substrates. The aromatic-
binding site of AQ-HRP also beneﬁts from a more extended
hydrophobic trap and more exposed heme reactive edge,
suggesting enhanced reactivity to the reducing substrates.
In conclusion, evaluation of the experimental and simu-
lation studies, both from this and our previous work (44),
demonstrates that the simple approach of AQ modiﬁcation
produces a novel derivative of HRP with enhanced electron
transfer properties, catalytic efﬁciency, and stability for bio-
technological applications. Moreover, the experimental and
simulation ﬁndings presented here may provide new insights
into how manipulation of the charge/hydrophobicity balance
at the protein surface could affect the protein structure and
function.
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